The Pm3 gene from wheat confers resistance against powdery mildew and recent studies have shown that it is a member of a multi-gene family in the wheat genome. We compared genomic sequences ranging from 178 kb to 332 kb containing six Pm3-like genes and five gene fragments from orthologous loci in the Agenome of wheat at three different ploidy levels. We found that the wheat Pm3-loci display an extremely dynamic evolution where sequence conservation is minimal between species and basically limited to very short sequences containing the genetic markers which define the orthology. The Pm3-like genes and their up-and downstream regions were reshuffled by multiple rearrangements, resulting in a complex mosaic of conserved and unique sequences. Comparison with rice showed that the known wheat Pm3-like genes represent only one branch of a large superfamily with several clusters in rice and suggests the presence of additional similar genes in the wheat genome. Estimates of divergence times and transposable element insertions indicate that the Pm3-locus in wheat has undergone more drastic changes in its recent evolution than its counterpart in rice. This indicates that loci containing homologous resistance gene analogs can evolve at highly variable speeds in different species.
INTRODUCTION
As a defence system against pathogens, plant genomes contain resistance genes and resistance gene analogs (RGAs). Resistance gene products directly or indirectly detect specific pathogen proteins and are able to trigger a defence reaction (reviewed by JONES and DANGL, 2006) . RGAs are characterised by their sequence similarity to known resistance genes but have no known function and many of them appear to be pseudogenes. Most RGAs described are of the NBS-LRR type and encode proteins with a nucleotide binding domain (NBS), followed by a series of leucine-rich repeats (LRR). The NBS domain is probably involved in signal transduction whereas the LRR domain is thought to be largely responsible for specificity of pathogen recognition (JONES and JONES, 1997) .
Genome-wide surveys in Arabidopsis and rice showed that RGAs are often found in clusters where genes from the same family are arranged in the same orientation with no other genes between them (MEYERS et al. 2003 , ZHOU et al. 2004 . RGA loci are known to evolve rapidly and several mechanisms were discovered that help explain their dynamics: The "birth-and-death" model (MICHELMORE and MEYERS, 1998) describes how new types of resistance genes arise and disappear. In this model, recombination or gene conversion between orthologs and paralogs as well as mutations in solvent exposed residues of the LRRs are sources of genetic variation.
Sequence exchange through unequal crossing-over or gene conversion leading to the creation of hybrid genes and thus to genetic variability was shown in a wide range of species such as Arabidopsis (NOËL et al. 1999) , tomato ( VAN DER HOORN et al. 2001) , lettuce (KUANG et al. 2004 ) and maize (SMITH and HULBERT, 2005) . Each unequal crossing-over between paralogs changes the number of genes and causes differences in RGA numbers even between closely related species (KUANG et al. 2004) . Frequent sequence exchange between paralogs at the Arabidopsis RPP5 locus resulted in a mosaic of shared sequences among paralogs (NOËL et al. 1999) . The described mechanisms of unequal crossing-over, gene conversion and mutation portray RGA clusters as "reservoirs of variation" (MICHELMORE and MEYERS, 1998 ) from which new combinations are permanently created by a background recombination and mutation activity.
The tribe of the Triticeae diverged from rice approximately 50 million years ago (MYA, PATERSON et al. 2004) and contains important crops such as wheat and barley. Commercially used wheat species are polyploids which originate from hybridisations of diploid ancestor (A, B and D) genomes. The first hybridisation event in wheat brought together the two diploid wheat species Triticum urartu (A genome) and a probably extinct close relative of Aegilops speltoides (B genome) to form the tetraploid wheat T. turgidum ssp dicoccoides (genome formula AABB). Hexaploid bread wheat T. aestivum (genome formula AABBDD) formed approximately 10,000 years ago through hybridisation with the D genome diploid wheat Ae. tauschii (FELDMANN et al. 1995) .
The cultivated diploid wheat T. monococcum, a close relative of T. urartu (the donor of the A-genome), was used in previous comparative genomics studies.
Comparison of LMW and HMW glutenin loci as well as the Lr10 locus with their orthologs from tetraploid wheat (T. turgidum) and hexaploid wheat (T. aestivum) showed that genes are largely conserved whereas intergenic regions have undergone various changes (WICKER et al. 2003; ISIDORE et al. 2005; GU et al. 2006) . GU et al. (2006) showed a close relationship between T. aestivum and T. turgidum (ssp. durum) with extensive conservation of intergenic regions and estimated their divergence time to about 800,000 years. This estimate is based on the divergence of intergenic DNA (mostly transposable elements) which is believed to 6 be largely free from selection pressure (PETROV, 2001 ). Thus, they are expected to accumulate mutations randomly at a basic rate estimated to be 6E-9 substitutions per site per year in grasses (GAUT et al. 1996) . Similarly, the divergence of T. monococcum from the T. turgidum/T. aestivum lineage was estimated to have occurred about 2.6-3 million years ago (MYA, WICKER et al. 2003; ISIDORE et al. 2005 ). However, a recent study recommended an approximately two-fold higher basic substitution rate of 1. 3E-8 (MA and BENNETZEN, 2004) which shifts the previous estimates to more recent times of 0.4 and 1.3-1.5 Million years, respectively.
Due to the large genomes and high content of repetitive DNA of wheat species, map-based cloning of resistance genes is very labour intensive and time consuming (reviewed by KELLER et al. 2005) . The recent cloning of the Pm3 gene from hexaploid wheat (YAHIAOUI et al. 2004 , YAHIAOUI et al., 2006 provided a wealth of genetic and physical mapping data on the population of Pm3-like genes in wheat. Active Pm3 alleles conferring resistance against powdery mildew are only found in a few wheat cultivars and landraces. However, all wheat lines analysed by southern hybridisation contain at least 10-15 Pm3-like sequences each (YAHIAOUI et al. 2004 ) which could be pseudogenes or active genes.
Here we present a comparative analysis of three orthologous loci containing a total of six Pm3-like genes and five gene fragments in the wheat A-genome at three different ploidy levels. We found that the Pm3-loci went through an extremely dynamic evolution, resulting in minimal sequence conservation which is basically limited to a few short sequences between wheat species. Comparison with rice showed that the known wheat Pm3-like genes represent only one branch of a large superfamily with several clusters in rice and that the Pm3 locus in wheat has evolved more rapidly than its homolog in rice.
MATERIALS AND METHODS
Shotgun sequencing: BAC DNA was isolated with the QIAGEN large construct kit, mechanically sheared into fragments of 3-5 kb in a Hydroshear (GeneMachines) and ligated into the Topo-Blunt vector (Invitrogen). For transformation, electrocompetent DH-10B E. coli were used. Plasmid DNA was isolated in 96-well format on a QIAROBOT (QIAGEN) and sequenced on an ABI3730 automated sequencer (Applied Biosystems). Base calling and quality trimming of the sequences was done using PHRED (EWING et al. 1998 ) and the initial assembly of BAC sequences was done with the PHRAP assembly engine (version 0.990319, provided by P. Green and available at www.phrap.org). Gaps in the BAC sequences were closed by resequencing shotgun clones spanning the gaps with 1M betaine added to the sequencing reaction. Alternatively, gaps were closed by primer walking on shotgun clones or by PCR amplication of fragments from BAC DNA. BAC clones from hexaploid wheat cultivar Chinese Spring (ALLOUIS et al. 2003) were provided by the joint consortium of the John Innes Centre, the Biotechnology and Biological
Research Council and INRA (Unité de Recherches en génomique Végétale).
Sequence analysis: For sequence analysis, programs from the EMBOSS package (http://emboss.sourceforge.net/), CLUSTALW (THOMPSON et al. 1994) and DOTTER (SONNHAMMER and DURBIN, 1995) were used. In a first step, all known repetitive elements were identified through BLAST (ALTSCHUL et al. 1997 
RESULTS
Pm3 loci in wheat species from three different ploidy levels: To investigate the genomic context and evolution of Pm3-like genes in the wheat gene pool, we sequenced BAC clones from the Pm3 locus of tetraploid and hexaploid wheat which were isolated from the respective genomic libraries using the RFLP markers TmRGL1pro, SFR159 and 294D11-31. These markers are highly specific for wheat chromosome 1A and are closely linked to Pm3 in a hexaploid wheat mapping population (YAHIAOUI et al. 2004) . Two overlapping BACs from T. aestivum (cv.
Chinese Spring) with a combined length of 178 kb were sequenced and a previously This is due to a local multiplication which lead to three tandemly repeated paralogous loci in T. monococcum (WICKER et al. 2003) . Two of them are covered by the sequenced BACs ( Figure 1 ).
Nevertheless, the fact that only so few stretches are conserved compelled us to find additional evidence that they are indeed orthologs and not simply conserved motifs that are found in this region by chance. Therefore, we also required putative orthologous regions to have the same degree of DNA sequence conservation as orthologous loci described in previous studies (for details, see Material and Methods).
Thus, for this study, we defined as orthologous all sequences which are 98-99% identical between T. turgidum and T. aestivum and 96-97% identical between T.
monococcum and either T. turgidum or T. aestivum.
Using these criteria, two regions totalling 3.9 kb were found to be orthologous between T. monococcum and T. aestivum (Regions α and β, Figure 1 ), a 10.9 kb sequence is orthologous between T. monococcum and T. turgidum (Region ε, Figure   1 ) and two stretches totalling 5.6 kb are orthologous between T. turgidum and T.
aestivum (Regions γ and δ, Figure 1 ). It should be noted here that the assumption was made that the putative orthologous regions are free from selection pressure and thus diverge at the basic substitution rate of 1.3E-8 substitutions per site per year (MA and BENNETZEN, 2004) . Indeed, most sequences we found to be orthologous are non-coding or consist of known repetitive elements. Only Regions δ and ε ( Figure   1 ) contain some coding sequences. However, no difference in sequence conservation was observed between non-coding and coding sequences in these two regions. Only the TmRGL-1 gene from T. monococcum appears to be strongly degenerated as is contains one major deletion, three frameshifts and four in-frame stop codons (Figure 2 ). For subsequent analysis, frameshifts were removed from the coding sequences of the pseudogenes to obtain hypothetical protein sequences for all RGAs and partial genes.
Sequence organisation of
At the DNA level, the Pm3-like genes are 78% -92.8% identical to each other and the hypothetical proteins are 74% -92% similar to each other. TaPm3CS and its next neighbour, the partial gene TaLRR-1 are most closely related, whereas TmRGL-1 and TaRGL-9 are most distantly related. Pairwise comparison of all RGAs showed that sequence identity in the intron is usually 5-10% lower than in coding regions. No evidence was found for sequence homogenisation of the intron as described by Kuang et al (2005) . Indeed, some introns have diverged to a degree that no reliable alignments with introns from other RGAs was possible. Coding sequences of identified rice homologs were annotated manually based on alignments with wheat Pm3-like genes. Hypothetical protein sequences were deduced for all Pm3 homologs. In pseudogenes, frameshifts and in frame stop codons were removed to obtain the hypothetical amino acid sequence.
The predicted amino acid sequences of all rice and wheat Pm3-like genes were used in a phylogenetic analysis. As an outgroup, we used the closest homolog from Arabidopsis (At3g14460) which was identified by BLASTX. At3g14460 is only ~37% identical at the protein level to Pm3-like sequences from wheat and rice. At the DNA level, At3g14460 could not be aligned with the rice or wheat sequences. The phylogenetic tree showed that Pm3-like sequences can be classified into two major groups ( Figure 5a ). Group 1 contains all wheat sequences, the three genes from rice chromosome 3 as well as two from chromosome 1 (OsPm3_1-4 and OsPm3_1-5) while group 2 contains genes from chromosomes 1, 2 and 10. These data indicate that divergence of main lineages of Pm3 homologs started already in the common ancestor of rice and wheat. Interestingly, the cluster on chromosome 1 contains RGAs from 3 different lineages, OsPm3_1-4 and -5 (Group 1), OsPm3_1-1 and -2 (Group 2) as well as the most divergent rice gene OsPm3_1-3 (Figure 5b ). This suggest the cluster on chromosome 1 to be the ancestor cluster which gave rise to the other loci possibly through gene movement of single genes from chromosome 1 to other chromosomes where the moved genes were duplicated and gave rise to new clusters.
Gene loss through unequal crossing-over in rice:
To study the recent evolution of
Pm3 genes in rice, we compared the clusters of Pm3-like genes from the two rice subspecies indica and japonica ( Figure 6 ). Due to the unfinished nature of the indica rice genome sequence, only the cluster on chromosome 3 had sufficiently high sequence quality to allow a comparison.
We Figure 6b ). This suggests that the particular RGA which provided this region was eliminated from the japonica genome. Additionally, these data show that 90% sequence identity is sufficient for an unequal crossing-over event. Unequal crossingover between RGAs was described previously, however, between more closely related sequences (NOËL et al., 1999) .
DISCUSSION
Our analysis of Pm3-like genes from wheat and rice revealed a multitude of highly informative details about the evolution of this gene family. We could demonstrate a complete reshuffling of the Pm3 locus in wheat within a relatively short evolutionary period. The observed complex mosaic pattern and an almost complete disruption of orthology made it virtually impossible to assess precise evolutionary relationships between genes or other genomic regions. Thus, conclusions based solely on genetic mapping of RGA clusters even in closely related species must be treated with caution since terms such as "ortholog" and "paralog" may become very problematic if not utterly meaningless. On the other hand, we found that the Pm3 family of RGA is highly conserved in plants at least since before the divergence of rice and wheat 50 MYA (Paterson et al. 2004 ). This finding is intriguing as it demonstrates a possible diversification of functions of RGAs. Although the function of the Pm3-like genes from rice is unknown, it must differ from that in wheat because there is no powdery mildew pathogen in rice.
The Pm3 loci in wheat are gene-poor and rich in CACTA transposons: The sequences studied have a content of repetitive DNA that is comparable to the one found in most other large genomic regions from Triticeae. The repeat content ranges from 70% in T. turgidum and T. aestivum to slightly over 80% in T. monococcum.
However, compared to most previously described regions, the Pm3 loci studied have very low gene contents. Considering only those genes which appear to be intact (i.e. Most previous studies in Triticeae reported gene densities of roughly one gene every 20 -45 kb (DUBCOVSKY et al. 2001; FEUILLET et al. 2001; WICKER et al. 2001; SANMIGUEL et al. 2002; ISIDORE et al. 2005) . In some cases, gene densities similar to that in Arabidopsis were reported (WEI et al. 2002; CHANTRET et al. 2004 ). Such relatively high gene densities were expected since all of the above studies were done on distal regions of the chromosomes which are known to be gene rich (QI et al. 2004) . Less frequently, very low gene densities such as one gene per 175 kb (DVORAK et al. 2006) or 220 kb (WICKER et al. 2005) were reported and the recent isolation of the barley vrs1 gene yielded only one gene in a 518 kb region (KOMATSUDA et al. 2007) . Therefore, together with the three above studies, the three Pm3 loci demonstrate that low gene densities have to be expected frequently even within distal chromosomal regions where gene density is supposed to be high.
A notable characteristic of the repetitive fraction at all three Pm3 loci is the presence of numerous CACTA transposons. From earlier studies, it appears that most Triticeae genomic regions are rich in retrotransposons but contain only a few CACTA elements or none at all (DUBCOVSKY et al. 2001; WICKER et al. 2001; SANMIGUEL et al. 2002; WEI et al. 2002; CHANTRET et al. 2004; ISIDORE et al. 2005; GU et al. 2006) whereas in a few others, CACTA elements contribute substantially to the repetitive fraction (WICKER et al. 2005; DVORAK et al. 2006; KOMATSUDA et al. 2007) . If one includes the data from Pm3 loci presented here, high content of CACTA elements seems to coincide with reports of low gene density.
This suggests a preference of CACTA transposons for certain chromosomal regions and a local amplification of these elements.
Pm3-like genes are an ancient family:
The finding that a distinct family of resistance genes was identified in rice solely based on DNA sequence homology is intriguing and contrary to the general perception that RGAs are fast evolving genes.
Thus, the basic sequence organisation of these genes is ancient and conserved despite obvious differences in function (e.g. there is no powdery mildew in rice). The fact that all wheat Pm3-like genes clearly cluster together with one subgroup of the rice homologs indicates that the Pm3 gene family has evolved multiple subfamilies well before the divergence of rice and wheat. Additionally, the multiple subfamilies of
Pm3-like genes in rice suggest that the wheat genome might also contain additional clusters with RGAs homologous to those.
The observed strong conservation of the coding region of the Pm3-like genes between wheat and rice is in sharp contrast to the intense reshuffling of the sequences surrounding these genes. In some cases, we could show that unequal crossing over is a likely cause for genomic rearrangements and probably was an important mechanism that led to the observed mosaic structure of the up-and downstream regions of Pm3-like genes in wheat. It is, for example, a good explanation for the variation in gene numbers in the cluster of Pm3-like genes of the rice indica and japonica subspecies. Additionally, we could demonstrate how unequal recombination between two nearby repetitive elements can lead to the loss of genic sequences and, thus, interrupt sequence colinearity between species. Such events have long been postulated but, to our knowledge, were not actually reported.
The finding that none of the four loci in the rice genome containing Pm3 homologs was found in the region syntenic to wheat chromosome 1 came as no surprise, as RGAs are usually not found in collinear positions between species (reviewed by Leister 2004) . It is assumed that the tendency of RGAs (and/or active resistance genes) to change their genomic location reflects selection pressure to remove successful resistance genes from clusters, thus protecting them from sequence homogenisation through unequal crossing-over or gene-conversion (Leister 2004) .
Rapid evolution of the Pm3 locus in wheat:
The method of estimating divergence time based on conserved repetitive (i.e. selectively neutral DNA) has been applied several times in the past and has increased our understanding of the recent evolution of the wheat genomes (WICKER et al. 2003; ISIDORE et al. 2005; GU et al. 2006) .
We made several comparisons between different wheat species using ours as well as previously published sequences. When the obtained sequence alignments are used for divergence time estimates using the rate of 1. 3E-8 (MA and BENNETZEN, 2004) , T. monococcum is consistently placed at about 1.3 million years from the T.
aestivum/T. turgidum lineage both with sequences presented in this study and those from the Lr10 locus (ISIDORE et al. 2005) . Similarly, the divergence of T. aestivum/T. turgidum is estimated to have occurred approximately 0.4 MYA based on sequences from the Pm3 locus and previously published sequences (GU et al. 2006) .
The consistency of levels of DNA sequence conservation and resulting estimated divergence times from independent loci also makes it unlikely that the many differences between orthologous Pm3 loci are simply due to different ancient haplotypes being compared. A previous study showed that two different haplotypes can be found at the wheat Lr10 locus. Their comparison showed them to be highly divergent and indicated that they were present already before the divergence of the wheat A genomes (ISIDORE et al. 2005) . Thus, for our study, it was crucial to use levels of DNA sequence identity as an indicator for true orthology in addition to genetic mapping data.
The relatively recent divergence times are surprising given the observed drastic changes in the regions compared. Indeed, especially between T. aestivum and T. turgidum, sequence conservation was minimal, reduced to almost exclusively the regions that contained the probes used for the BAC screening. In contrast, a recent study showed extensive sequence conservation even in highly repetitive regions between T. aestivum and T. turgidum (GU et al. 2006) . Similarly, recent comparison of T. turgidum and T. monococcum showed more than 25 kb of conserved transposable elements (ISIDORE et al. 2005) . These data from wheat species suggest that the Pm3-locus evolved more rapidly than the other loci analysed.
Although many studies show that resistance gene loci usually evolve faster than their surrounding genomic regions, our data indicate that the Pm3 locus in wheat evolved at an unusual speed even for RGA loci. For example, the Lr10 locus which contains a resistance gene against wheat leaf rust shows much more extensive sequence conservation. Additionally, the homologous locus of Pm3 in rice also showed less drastic rearrangements. The two rice subspecies diverged about 0.44 MYA years ago (MA and BENNETZEN, 2004) and the observed rearrangements can be clearly explained by a few insertions and deletions as well as two unequal crossing-over events. In contrast, the rearrangements that occurred in the wheat Pm3 locus are so manifold that only very few events could be traced back and most of the sequences appear to reflect an extremely dynamic evolution in which these genomic loci have been reshaped vigorously. Model for the evolution of both loci after the divergence of species. The unequal recombination between two neighbouring Jeli elements produces a hybrid element with two different target site duplications and an irregularity in nesting levels. 
